through hydrolysis, transferring the acyl chain to water, or through macrocyclization, directing capture of the Boston, Massachusetts 02115 chain by an internal nucleophile. For peptide products, the acceptor is always the carbonyl of the final residue in the peptidyl chain for both hydrolysis and macrocycliSummary zation, while the intramolecular nucleophile in macrocyclization can be either an -NH 2 or -OH group at some Macrocyclization carried out by thioesterase domains of multimodular nonribosomal peptide synthetases point within the peptidyl chain. In the case of cyclic decapeptide tyrocidine, the nucleophile is the N-ter-(NRPSs) is a key step in the biosynthesis of many biologically active peptides. . formational constraints that lead to the biologically acDespite these favorable characteristics, several limitive conformer. NRP, PK, and NRP/PK hybrid products tations were noted in these initial studies. First, product are constructed as linear precursors covalently attached formation by the TE domain was linear for Ͻ2 min and to their dedicated synthetase. One strategy for introducdeclined precipitously thereafter, restricting the yield of ing conformational rigidity, often employed in these syscyclic products. Second, some of the acyl-enzyme formed tems, is the formation of a macrocycle from the final linear during the reaction was lost to hydrolysis forming the linear precursor with concomitant release of the acyl chain from hydrolyzed product chain rather than the macrocyclic the enzymatic assembly line. This function is carried out product, and the ratio of hydrolyzed to cyclic products by C-terminal thioesterase (TE) domains [8].
Herein, we report that the nonionic detergent Brij 58 constructed from the tyrocidine peptide sequence [10]. In the reaction of this decapeptidyl-SNAC (TLP) with (polyoxyethylene 20 cetyl ether, C 16 E 20 ) extended the lifetime of TycTE activity, allowing linear product formapurified TycTE, enzyme turnover was constant for several minutes, then rapidly declined for both hydrolysis tion for Ͼ60 min. Addition of detergent also resulted in a preferential 6-fold enhancement in the rate of the cyclizaand cyclization reactions (Figure 2A , inset). When enzyme turnover was plotted as a function of time, the tion reaction without increase in the rate of hydrolysis, markedly shifting the partitioning of the acyl-enzyme resulting curve was consistent with that of enzyme undergoing rapid exponential decay with a half-life of intermediate toward macrocyclization. These effects were dependent on the formation of micelles from deterabout 1.5 min (data not shown). The cause of this rapid decay of catalytic activity is unknown but may be due gent monomers. Taking advantage of these improvements in TycTE activity, we were able to explore alterto the destabilization of enzyme structure by substrate and/or product molecules, as no loss of initial activity nate side chains at the substrate position 9 and begin to define the nature of specificity at this position. Finally, was observed when enzyme was preincubated in reaction buffer at 25ЊC (assay temperature) for 20 min before we discuss the interplay between enzyme, substrate, and detergent that may account for these intriguing efaddition of substrate (data not shown). Neither was there any proteolysis of the enzyme observed during the fects on TycTE catalysis. remained unchanged. Nonenzyme catalyzed cyclization, which was not observed in the absence of detergent, occurred at slow rates when Brij 58 was added ( Figure 2C ). Thus, detergent alone generated a substrate conformer capable of macrocyclization even in absence of the enzyme. Under all conditions, background hydrolysis and cyclization rates were less than 1% of enzymecatalyzed rates.
Effect of Detergent on k cat and Product Ratio
To investigate the changes in rates of cyclization versus hydrolysis and the resulting shift in the cyclic to hydrolyzed product ratio, we determined the kinetic parameters for TycTE activity in the presence and absence of Brij 58 (Table 1) . Enzyme turnover of cyclic product increased from 23.9 min Ϫ1 to 78.1 min Ϫ1 in presence of detergent. The k cat for hydrolysis product decreased from 19.3 min Ϫ1 to 11.3 min Ϫ1 . As a result, the partition ratio between cyclization to hydrolysis increased from 1.2 in absence of detergent to 6.9 in its presence, a 6-fold enhancement. Brij 58 induced a dramatic change in product composition, shifting the flux of the acyl-enzyme intermediate in favor of macrocyclization. K m was 3 M for cyclization reactions both in the presence and absence of Brij 58. A previous report had determined k cat for cyclization of 59 per min with cyclization to hydrolysis ratio of 6:1 in absence of detergent [10], greater than observed in the present study. Variability in these parameters has been noted with different preparations of enzyme. In the current study, 3 separate purifications yielded enzyme with cyclization activity 15-30 turnovers per min and cyclic to hydrolyzed product ratio 1:1-3:1. The detergent enhancement was consistent, and the K m as well as the specificity for alternate substrates was similar to previously described results. Therefore, the variability could be another limitation of the decreased stability of TycTE.
Similar improvements in the product ratio were observed for TycTE on alternative substrates: gramicidin linear peptide SNAC (GLP) [11] and TLP containing a Pro2 → Ala mutation and one containing D-Phe4 → , showed no changes in the product ratio analyses of detergent solutions at concentration equal to 0.5ϫ CMC and 2ϫ CMC and observed a larger molecalthough their time courses still exhibited improved linearity. The time course for S3, in which the 3 amino acids ular weight species formed at 2ϫ CMC which was not observed in the detergent solution at 0.5ϫ CMC (data Gln6-Val8 of the tyrocidine sequence were replaced with the spacer 8-amino-3,6-dioxaoctanoic acid, is shown in not shown). The observed effect of these detergents, Brij 58 and CYMAL-6, to increase cyclization activity was Figure 2B . The factors that govern these differences are unknown. However, the results demonstrate that there also dependent on this transition with maximal effects at concentrations above their CMC (Figure 3) . In contrast, must be more than one mechanism for the observed enhancement of TycTE activity by detergent, one of the accumulation of hydrolyzed product was largely unchanged across the same concentration range. Reprewhich involves interaction of detergent molecules with the peptide substrate.
sentative time courses were taken at detergent concentrations equal to 0.5ϫ CMC and 2ϫ CMC. Both linearity The specificity of these effects for particular detergents was also explored. Detergents from different of the time course and rate enhancement of the cyclization reaction were seen only at detergent concentration classes were screened for their ability to increase cyclization rates and enhance the cyclic to hydrolyzed prodabove CMC (data not shown). After the increases in cyclic product yield and product uct ratio. As for Brij 58, these effects were found for all nonionic detergents tested, including glucopyranoside, ratio at concentrations near CMC, further increases in detergent concentration did not alter product formation. CYMAL-6, and reduced Triton X-100 (Table 2) . Detergents with charged or zwitterionic head groups either
The activity of a catalyst with a substrate accessed from a micelle (for example, as occurs when an enzyme such had no effect or were inhibitory. The cationic detergent CTAB and zwitterionic Zwit3-12, both strongly denaturas phospholipase interacts with its substrate phospholipid, a membrane component) has been quantified by ing detergents, were found to abolish cyclic product formation. The associated reduction in hydrolyzed prodsurface dilution kinetics [19, 20] . This model of substrate, micelle, and enzyme interaction predicts a deuct with these ionic detergents indicated a global effect on enzyme activity, likely through destabilization of enpendency of enzyme kinetics on surface concentrations of substrate, expressed by its mole fraction in combinazyme structure. The interaction of substrate and/or enzyme with detergent molecules is specific for the class of tion with detergent monomers. Incubations of different mole fraction ratios of substrate TLP-SNAC to Brij58 nonionic detergents due to either structural or chemical properties of this class. monomers showed no significant differences in k cat or K m (data not shown), arguing against presentation of the substrate in the micellar phase as the mechanism of Dependency on Monomer to Micelle Transition The effects of detergent on enzyme activity could be detergent on the TycTE domain. For example, if the hydrophobic face of the amphipathic peptidyl substrate several, including preorganization of substrate or enzyme in an active conformation for cyclization, stabilizawere buried in the micelle to facilitate an active conformation, it may have to be accessed from the micellar tion of enzyme structure, or removal of cyclic amphipathic product. These could depend on interaction with phase. However, failure to observe surface dilution kinetics does not rule out the possibility that enzyme or a detergent micelle. We assayed TycTE cyclization over a range of Brij 58 and CYMAL-6 concentrations encomsubstrate molecules associate with detergent micelles, such as in the "bound" water layer that is believed to passing their literature-reported critical micelle concentration (CMC) value. In a narrow concentration range surround the polar heads of surfactant molecules. Table 3 shows 21 residues that, when substituted for Orn9, yielded cyclic macrolactam product released from solid phase beads by the action of TycTE. The relative yields varied over 75-fold with the native peptide containing ornithine at position 9 at highest abundance followed by lysine, arginine, and derivatives of these amino acids. Four N-alkyl nonproteinogenic amino acids, isopropyl-, dimethyl-, and trimethyl-lysine as well as dimethylarginine, were cyclized by Tyc TE at 2-to 20-fold lower yields than native peptide. Fourteen of twenty-one residues, including nine with the highest yields, were positively charged. Loss of the positive charge resulted in a minimum of 30-fold decrease in yields. All substitutions accepted for cyclization were L-amino acids. Screening for accepted substrates was aided by addition of detergent to increase yields, such that product of less robust substrates could only be detected in presence of detergent. Product ratios with detergent as compared to without were typically 2-to 5-fold greater in favor of cyclic product formation for synthesis on solid phase. Eight of these macrocyclic products were prepared by large scale enzymatic cyclization of the peptide-SNAC and tested for antibiotic activity against B. subtilis. Of the eight tested, 6 variants demonstrated a minimal inhibitory concentration (MIC) of 1.5 M, comparable to the native TycA peptide (Supplemental Table S1 , available online at http://www. chembiol.com/cgi/content/full/11/11/1573/DC1/). Nonspecific hemolysis of human red blood cells was also observed for these variants with similar therapeutic indices (MHC/MIC) as TycA. It was not clear if TycTE recognition of peptidyl oxoesters attached to the surface of solid phase beads by a pantetheinyl mimetic linker followed catalytic efficiency patterns for substrates presented in solution. Pre- Table S2 ). Seven of the eight alternatives suband Evidence for Saturation Kinetics strates were cyclized with k cat values ranging from 4.6 on Solid Phase Substrates to 83 min Ϫ1 (the peptide containing His9 had background With the improvements in TycTE cyclization activity and hydrolysis rate of 0.07 min Ϫ1 that prevented measurelifetime afforded by addition of nonionic detergent, we ment of low level enzymatic turnover). The 3-pyridylalasought to explore the ability of TycTE to catalyze the nine substitution at position 9 had 25-fold decrease in head-to-tail cyclization of peptidyl substrates lacking a turnover compared to the native tyrocidine decapeptide, cationic or nucleophilic side chain at position 9, using but otherwise substitutions at this position clustered around 2-to 5-fold drops in k cat . K m values were also the previously described solid phase method employing 
4-to 7-fold activation in presence of deoxycholate, and
Two effects of nonionic detergent were observed on nonionic detergent increases firefly luciferase activity TycTE activity: an increased lifetime of enzyme activity up to 7-fold. The rate enhancement reported in these and a catalytic rate acceleration which shifted the prodsystems are comparable to that observed in this study uct ratio in favor of cyclization. The first effect reflects on TycTE upon addition of Brij 58 and other nonionic the stability of the catalytic TE domain under assay condetergents. The term "enzyme superactivity" has been ditions, specifically destabilization of the enzyme upon applied to these cases in which a water/surfactant and/ addition of substrate and/or formation of product as or solvent system generates improved catalytic activity neither preincubation at assay temperature nor enzyme compared with that in aqueous buffer alone [22] . Various dilution in assay buffer without substrate caused demechanisms can account for such observed "superaccrease in subsequent activity. The 28 kDa TycTE retivity," all involving the productive interaction of determoved from its normal position at the C terminus of the gent monomers or micelles with enzyme, substrate, and/ 720 kDa TycC subunit is reconstructed as an excised or product to facilitate catalysis. Due to complexity of domain lacking the context of its normal protein interacthese two-phase systems, deciphering these different tions with the rest of the synthetase. As such, the exinteractions and their effects on catalysis is often not cised domain may be more susceptible to unfolding. In straightforward [22] .
addition, it has been suggested that the NRPS assembly localizes at the cytoplasmic membrane of the producing Recently, rate acceleration of chymotrypsin activity Bacillus [26, 27]. This subcellular localization may be required for the released cyclic tyrocidine to be shipped out by a dedicated ABC transporter, keeping the intracellular concentration low in the producing organism as part of its self defense [28] . As the final domain of the synthetase responsible for product release, the TE may be an important mediator of the interaction with this cellular structure. Interaction of the excised domain with detergent micelles may serve to mimic the normal contacts of the TE domain with the larger synthetase and/ or the cell membrane.
Alternatively, the stabilizing effects of nonionic detergent may be indirect through sequestration of substrate and/or product molecules. The mechanism of tyrocidine A as an antibiotic is to insert into bacterial membranes [29] [30] [31] . TycA is an amphipathic molecule with a tendency to aggregate. The accumulation of product mole- Detergent stabilization of the TycTE protein structure could also account for the second effect observed in antibiotic effect. If this interaction were to occur between these studies, the change in the product ratio of TycTE detergent micelles and substrate peptidyl-SNACs, miinduced by detergent. TE domain catalysis entails the celles could provide an optimal surface whereby the transfer of the product chain synthesized by the NRPS amphipathic substrate is presented to the enzyme, preto the -OH of an active site serine in the TE domain, folded for subsequent cyclization with hydrophobic side generating an acyl-enzyme intermediate. The features chains buried in the micelle and polar residues exposed that govern hydrolysis or macrocyclization of this interon the surface. However, this mode of interaction remediate are not well understood but must encompass quires part of the substrate to be buried in micelles and the productive orientation of molecular water versus an inaccessible to the enzyme from the aqueous phase and intramolecular nucleophile in the active site of the acylthus is less likely according to surface dilution kinetics enzyme. In order to shift the product ratio, nonionic since cyclization rates were independent of the mole detergents must affect this partitioning of the common fraction of the substrate [19, 20]. Moreover, the K m for acyl-enzyme intermediate between cyclization and hycyclization remained unchanged at 3 M in the presence drolysis. Embedding of the excised domain in detergent and absence of detergent, suggesting no effect on the micelles may provide, in addition to structural stability, K d for substrate recognition. Instead, we suggest that a hydrophobic environment that prevents capture of substrate is still accessible to the enzyme from the aquethe acyl-enzyme intermediate by a water molecule. This ous phase (rather than in the micellar phase), either as could involve repositioning of the mobile lid, seen in the free substrate in bulk water or as substrate associated X-ray structure of the Srf TE [32] , over the active site to with the micelle in the "bound" water layer [22]. exclude bulk water.
As such, it seems likely that the effect of detergent However, evidence from this study indicates that the on TE mechanism occurs at the level of the acyl-enzyme product ratio change is not a result of detergent-enzyme Finally, the practical consequence of Brij 58 inclusion biosynthesize amphipathic products. Furthermore, the observed rate acceleration (comparable to that rein TycTE assays is a much longer catalyst life time coupled to dramatic redirection of flux toward macrocyclizaported for other biological catalysts upon addition of surfactants) may provide important insight into the tion. The combined effects can result in up to 300 times more yield of cyclic products. For example, detergent cellular context of catalysis by terminal TE domains, either at or near the cell membrane or as part of the inclusion was essential in the solid phase enzymatic synthesis of tyrocidine variants substituted at position macromolecular complex of the NRPS. Finally, the improved yields allowed an exploration of substitutions 9 to accumulate enough products for quantitation and also in solution phase to obtain kinetic parameters for for the nucleophilic ornithine at position 9 of the tyrocidine decapeptide that could be accepted for enzythese variants. In order to be accepted by TycTE, the positive charge at this position had to be maintained matic cyclization. Removal of the side chain nucleophile at Orn9 opens possibilities for further structural while the potential nucleophile or H-bond donor could be removed without penalty. Previously, the Orn9 residiversification of the cyclic peptide products generated by this macrocyclization catalyst. due to the action of detergent in facilitating the folding
